Background: Tumor derived vascular endothelial growth factor (VEGF) can stimulate proliferation and migration of endothelial cells and recruit endothelial progenitor cells into tumors for vascular formation via a paracrine manner. Now increasing evidence suggests that VEGF also serves as an autocrine factor promoting cell survival and tumor angiogenesis. Real time visualization of VEGF activity in the early stages of tumor formation using molecular imaging will provide unprecedented insight into the biological processes of cancer. Methods: The mouse breast cancer cell line 4T1 was transfected with an inducible, bidirectional tetracycline (Bi-Tet) promoter driving VEGF and renilla luciferase (Rluc). This was used to quantitatively image conditional switching of VEGF by bioluminescence imaging (BLI) under the control of systemic administration of doxycycline. Simultaneously, 4T1 cells were labelled with the double fusion reporter gene (Fluc-eGFP) to establish a breast cancer model. Results: We found that inducible VEGF could promote proliferation and attenuate apoptosis due to oxidative stress in an autocrine manner in vitro. In vivo studies revealed that induction of VEGF expression during early tumor development not only dramatically enhanced tumor growth but also increased tumor angiogenesis as visualized by BLI. Finally, immunohistochemistry staining confirmed that inducing VEGF expression promoted cell survival and tumor neovascularization. Conclusion: Together the inducible bidirectional tetracycline (Bi-Tet) coexpression system combined with the dual bioluminescence imaging (BLI) system provides a platform to investigate a target gene's role in the pathologic process of cancer and facilitates noninvasive monitoring of biological responses in real time.
Introduction
Tumor angiogenesis is an essential process involving the formation of new blood vessels and plays a critical role in tumor growth and survival [1, 2] . Without new blood vessels to transport oxygen and nutrients, tumor growth cannot progress beyond 1-2 mm 3 [2] . Secretion of angiogenic growth factors such as vascular endothelial growth factor (VEGF) to recruit endothelial progenitor cells from pre-existing blood vessels (angiogenesis) allows tumors to overcome this growth limitation. VEGF secreted by tumor cells can also promote tumor angiogenesis and growth by acting as an autocrine survival factor for tumor cells [2] [3] [4] . Blocking the expression of VEGF could alleviate the progression of cancer [5] , as well as tumor metastasis [6, 7] . However, studying VEGF in tumor progression has proved challenging due to the lack of an available method to non-invasively monitor tumor angiogenesis and responses in vivo. Conventional methods to monitor tumor development usually requires the sacrifice of many animals at multiple time points making them inconvenient, timeconsuming and unrepeatable [8] .
Molecular imaging is defined as the visualization, characterization, and quantification of biological processes in living organisms at the cellular and molecular level by means of non-invasive imaging [8] . Bioluminescence imaging (BLI) of luciferase reporter genes, as a powerful research strategy, has been used to monitor tumor growth and regression [3, 8, 9] . More importantly than this, two or more luciferase reporters with biochemical distinction can provide an opportunity to monitor different biological processes, such as exploration of the correlation between key protein activity and relative physiological states, tumor volume in tumor development [10] , or evaluation of therapeutic efficacy in the same animal simultaneously and successively [3, 11] .
VEGF is mainly located in the extracellular matrix, resulting in high concentration in the tumor microenvironment. Non-invasive assessment of the association of VEGF-level in the microenvironment with breast cancer can predict and monitor the response of tumor cells in development.
The characteristics of propagations and metastases of the 4T1 tumor in Balb/c mice is very similar to that of human mammary cancer [12] . In this study, we transduced 4T1 mouse breast cancer cells with firefly luciferase (Fluc) and an inducible, bidirectional tetracycline (BiTet) promoter driving VEGF165 and renilla luciferase (Rluc). Dual bioluminescence imaging (BLI) was applied to monitor VEGF expression by Rluc imaging and tumor progression by Fluc imaging respectively. Moreover, VEGF induced angiogenesis was tracked in a transgenic mouse model.
Methods and Materials
Cell lines and cell culture Murine breast cancer 4T1 cells were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% FBS (Biological Industries, Israel), 1% non-essential amino acids (NEAA) and 1% penicillin/streptomycin. For tracking transplanted cells, 4T1 cells were transduced with a lentiviral vector carrying firefly luciferase (Fluc) and enhanced green fluorescence protein (eGFP) double fusion (DF) reporter gene as described previously [3, 13, 14] . Stable 4T1-DF eGFP cells were sorted by fluorescenceactivated cell sorter (FACS, BD Biosciense). Afterward, Fluc activity within different cell numbers was confirmed ex vivo using Xenogen IVIS Lumina II system (Xenogen, Alameda, CA) as described [15] .
Preparation of Bi-Tet cell lines
The bidirectional tetracycline (Bi-Tet) co-expression system, both human VEGF165 and renilla luciferase (Rluc) in a bidirectional cassette was constructed as described previously [4] . Briefly, the regulator plasmid pTet-On (Clontech, Mountain View, CA) was transfected into 4T1 or 4T1-DF cells. Afterward, the response plasmid Bi-Tet was then co-transfected into 4T1 or 4T1-DF cells with a selection plasmid at a ratio of 4:1. The cells transfected only with the regulator plasmid pTet-on were used as control.
Cell proliferation and apoptosis assays
To determine the optimal dose-response relationship between doxycycline and Rluc/VEGF165 production, increasing dosages of doxycycline up to 2µg/ml were applied. As a positive correlation exists between Fluc activity and cell number, bioluminescence imaging (BLI) was employed to measure cell proliferation at 24, 48, and 72 hours after treatment with doxycycline. To investigate whether VEGF could rescue hydrogen peroxide (H 2 O 2 ) induced injury, 1 × 10 5 cells per well were seeded in 24 wells and subcultured with doxycycline for 48 hours. H 2 O 2 was added at a concentration of 500 µM and incubated for 12 hours. BLI was performed to evaluate cell survival. 2 × 10 5 cells per well were seeded in 6 wells and same treated by doxycycline and H 2 O 2 , then stained with an Annexin V-EGFP apoptosis detection kit (KeyGen Biotech, China) according to the manufacturer's instructions.
Real-Time PCR
Total RNA was extracted with TRIzol reagent (Invitrogen, Grand Island, NY) following the manufacturer's instructions. cDNAs was synthesized with oligo (dT) as primers using the First-strand cDNA Synthesis System (TransGen Biotech, China). Real-time PCR analysis using TransStart Green qPCR SuperMix Kit (TransGen Biotech, China) was performed on Opticon ® System (Bio-Rad, Hercules, CA). Relative mRNA folding changes were identified with 2 -ΔΔCt method.
Tumor model
Balb/c mice were obtained from Laboratory Animal Center, the Academy of Military Medical Sciences (Beijing, China). Transgenic mice, which expressed firefly luciferase (Fluc) under the promoter of vascular endothelial growth factor receptor 2 (vegfr2-luc) [11] , were obtained from Xenogen Corporation (Hopkinto, MA, USA). Animal protocols were approved by the Nankai University Animal Care and Use Committee, which conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (8th edition, 2011). To establish a breast tumor model with Balb/c mice 1x10 5 Bi-Tet 4T1-DF cells and control 4T-1 DF cells were subcutaneously injected beneath both sides of the mammary gland fat pads of 8-week-old female Balb/c mice. Mice were administered 0.5 mg/ml doxycycline in drinking water for the first 7 days, then changed to normal water until sacrificed. Doxycycline-inducible expression of renilla luciferase (Rluc) was determined by BLI. To monitor in vivo angiogenesis in real time, tumor models were set up with transgenic vegfr2-luc mice and Bi-Tet 4T1 cells. All mice were sacrificed at the end of the experiments, and tumor tissues from each group were harvested for further analysis.
Optical bioluminescence imaging
Bioluminescence imaging (BLI) was performed using IVIS Lumina II system (Xenogen Corporation, Hopkinton, MA) as described [15] . Briefly, tumor-bearing mice were administered with D-luciferin (150 mg/kg, Biosynth International, Naperville, IL) by intraperitoneal injection for Fluc imaging to track tumor progression and with coelenterazine (2.5 mg/kg; NanoLight Technology, Pinetop, AZ) by intravenous injection for Rluc imaging to evaluate the expression of VEGF. This dual luciferase imaging approach was well established for tracking tumor progression and simultaneously monitoring VEGF expression in vivo in this study.
Histological analysis
For histologic assessment, tumors were embedded in OCT compound (Miles Scientific). Frozen sections (5 µm thick) were processed for immunostaining with an antibody against CD31 (BD Pharmingen, San Jose, CA). And the nuclei were stained using 4, 6-diamidino-2-phenylindole (DAPI, BD Pharmingen) as counterstaining.
Statistical analysis
All data are expressed as means ± SEM. An independent t-test was used for two-group comparisons, and one-way ANOVA for multiple group comparisons, with suitable post hoc analysis. Significance difference was defined as P < 0.05.
Results

Labeling of 4T1 cells with DF reporter genes
To quantitatively evaluate cell survival of 4T1s stably transfected with Bi-Tet when exposed to doxycycline a double fusion reporter gene construct (Fluc-eGFP) was transduced into the cells. Positive eGFP cells were sorted by FACS (Fig. 1A) and immunofluorescence assay revealed robust expression of eGFP. A strong correlation between Fluc activity and cell numbers was observed in 4T1 cells by the Xenogen IVIS system (Fig. 1B) , which demonstrated the ability to assess cell numbers in vitro and tumor growth in vivo by analyzing Fluc signal intensity. The Fluc activity correlated linearly with cell number (R 2 =0.99) as shown in Fig.  1C and D.
Inducible VEGF and renilla luciferase (Rluc) expression
To track VEGF expression in real time in breast cancer cells using this molecular imaging strategy, 4T1 cells expressing inducible, bidirectional VEGF and Rluc were generated. Highlevel bidirectional expression of VEGF and Rluc was obtained in the presence of doxycycline, which was absent in those cells cultured without doxycycline. As revealed in Fig. 2A , the expression of VEGF and Rluc was highly dependent on the presence of doxycycline.
Dose-response analysis was performed on 4T1 cells in order to optimize their dosing response to doxycycline. Transfected 4T1 cells were treating with 0, 0.1, 0.2, 0.5, 2 µg/ml doxycycline. Quantitative measurements indicated that 0.5 µg/mL is the ideal doxycycline concentration for peak production of VEGF and Rluc (Fig. 2B and C) . The correlative analysis between VEGF and Rluc revealed that doxycycline can tightly regulate the expression these two different genes via the Bi-Tet system (Fig. 2D ). In addition, we found VEGF secreted from cancer cells was highly upregulated by doxycycline, as well as HIF-1α, Ang-1 and FGF2 (Fig.  2E) .
Induction of VEGF in 4T1cells confers pro-survival effects
Tumor cells can secrete VEGF in a paracrine manner to stimulate endothelial progenitor cell angiogenesis. It has also been reported that VEGF is an autocrine survival/protective factor for several tumors [16] [17] [18] [19] . In this study, accurate assessment of tumor response to VEGF was observed by molecular imaging. In vitro increased cell proliferation activity of the Bi-Tet 4T1-DF cells were observed at time points 48-and 72-h (Fig. 3A) . These results were consistent with cell counting analysis. To evaluate the pro-survival effects of VEGF, Bi-Tet 4T1-DF cells and control 4T1-DF cells were treated with doxycycline for 48 hours. Oxidative damage was then induced by adding H 2 O 2 (500µM) for 12 hours and cell survival was determined by BLI and FACS. Bi-Tet 4T1-DF cells had significantly lower rates of apoptosis/ death compared with control cells (Fig. 3B, C&D) . The expression of caspase-3 and the ratio of bcl-2 to Bax were consistent with these results (Fig. 3E) . 
Effects of inducible VEGF on tumor growth
To determine the effects of VEGF on early stage breast cancer progression and development Fluc imaging was introduced. We injected 5x 10 5 Bi-Tet 4T1-DF cells and control 4T1-DF cells into Balb/c mice and doxycycline (0.5 mg/ml) was administered via drinking water for 7 days. Doxycycline-induced VEGF expression was imagined by Rluc. Rluc signals were obtained from the second day of doxycycline administration (Fig. 4A&B) . Meanwhile, Fluc imaging showed a significant increase in the tumor growth rate with doxycycline administration in the Bi-Tet 4T1-DF group compared to the 4T1-DF group (Fig. 4C&D) .
Bioluminescent imaging of tumor angiogenesis
To further explore whether the effects of VEGF on tumor cells in promoting early tumor growth is associated with angiogenesis, the imaging of angiogenesis was performed within the vegfr2-luc mice tumor model. Here we found that the Fluc signals were observed in Bi-Tet group from day 4, and signal intensity increased most significantly and immediately following a period of tumor growth (Fig. 5A&B) . Furthermore, microvascular density analysis results revealed enhanced angiogenesis by CD31 staining in the Bi-Tet 4T1-DF group (Fig. 5C ). In addition, the enhanced expression of VEGF was remarkably increased in tumor tissue of BiTet 4T1-DF group when analyzed by real-time PCR (Fig. 5D ).
Discussion
In this present study, we set up a dual BLI model to simultaneously monitor VEGF and tumor progression using imaging. We demonstrated that the mouse breast cancer cell line 4T1 could be stably transfected with an inducible bidirectional promoter vector containing both VEGF and Rluc, in which the expression of Rluc and VEGF level is well correlated with doxycycline administration. The response of 4T1 cells labeled by a double-fusion reporter gene (Fluc-eGFP) to VEGF can then be noninvasively tracked by dual BLI in vivo.
To investigate the development process, mechanism and therapeutic response of cancer by real time imaging is crucial for evaluating new molecular targets, as well as for the development of new drugs for translational medicine [8, 20] . Molecular imaging approaches, especially bioluminescence imaging (BLI), provide a highly sensitive and versatile tool for investigating cancer biology and therapy. As the substrates for Fluc and Rluc are D-luciferin and coelenterazine respectively, it is possible to monitor two molecular processes in the same animal simultaneously. Visualizing mechanisms of action of anti-cancer drugs therapeutic effects and treatment efficacy in vivo in real time BLI will provide a versatile platform for cancer research. This approach is sensitive and even quantitative. However, optimization is still needed as the algorithms used to reconstructing 3D fluorescence image are still prone to error [21] .
Previous studies demonstrated VEGF plays a key role in tumor growth [6, 22] . Therefore, we injected 4T1 cells into live animals and expression of VEGF was induced by systemic administration of doxycycline. This resulted in a high concentration of VEGF in the tumor microenvironment which can be visualized with BLI. Our results revealed that the role of VEGF derived from tumor cells in promoting proliferation and combating tumor microenvironment stress was partly responsible for cell survival and early tumor formation. VEGF deficiency severely disrupted both angiogenic switching and tumor growth [23] , whereas high levels of VEGF can initiate neovasculature formation during tumorigenesis. In this study, the differences in angiogenic ability between the Bi-Tet group and control group were observed in vegfr2-luc mice. Several studies have demonstrated that VEGF can create a perivascular niche for cancer stem cells (CSCs) by promoting angiogenesis and that VEGF directly affects CSCs through Nrp1 in an autocrine loop to stimulate cancer stemness and renewal [24] . This promotion of CSCs by VEGF may be the mechanism for earlier tumor initiation in our results.
